+ is widely used by plant cells, whereas Na + can easily reach toxic levels during plant growth, which typically occurs in saline environments; however, the effects and functions in the chloroplast have been only roughly estimated. Traditionally, the occurrence of ionic fluxes across the chloroplast envelope or the thylakoid membranes has been mostly deduced from physiological measurements or from knowledge of chloroplast metabolism. However, many of the proteins involved in these fluxes have not yet been characterized. Based on genomic and RNA sequencing (RNA-seq) analyses, we present a comprehensive compilation of genes encoding putative ion transporters and channels expressed in the chloroplasts of the moss Physcomitrella patens, with a special emphasis on those related to Na + and K + fluxes. Based on the functional characterization of nhad mutants, we also discuss the putative role of NHAD transporters in Na + homeostasis and osmoregulation of this organelle and the putative contribution of chloroplasts to salt tolerance in this moss. We demonstrate that NaCl does not affect the chloroplast functionality in Physcomitrella despite significantly modifying expression of ionic transporters and cellular morphology, specifically the chloroplast ultrastructure, revealing a high starch accumulation. Additionally, NHAD transporters apparently do not play any essential roles in salt tolerance.
Introduction
Soil salinity is a great concern and a problem for ensuring an optimal agronomic yield of most crop plants. The effects of excess amounts of salts on plants, which is mainly found in the form of Na + and Cl -, can vary according to different plants species and cultivars, but these salts essentially induce water deficit, ion toxicity and ion homeostasis alterations in plants, which can progress to metabolic failure and oxidative stress. One of the most important metabolic processes that has been described as an important target affected by salinity stress in plants is photosynthesis (Munns and Tester 2008) . This process takes place in chloroplasts, which are organelles with a high demand for nutrient ions. Chloroplasts are tightly regulated to ensure the maintenance of the photosynthetic machinery and functions, as well as the essential pathways for carbon fixation, lipid metabolism, and starch and amino acid synthesis. Among the nutrient ions, some are micronutrients (Fe, Cu, Zn, Mn, Co and Ni), which are essential at micromolar concentrations, but can be toxic at higher concentrations. Consequently, they are always chelated by proteins or biomolecules in cells. The other ions are macronutrients (Mg, Ca, K, Na; P, S, N and Cl), which fulfill several chloroplast functions (Hanikenne et al. 2014) . However, similar to the micronutrients, an excess of any macronutrient, such as Na + and Cl -, when plants are grown in saline conditions can induce incorrect functioning of organelles. To ensure an adequate supply of nutrient ions in the chloroplast, several import and export systems are required in two of its three membrane systems; not in the outer, but in the inner envelope and thylakoid membranes. In the last 50 years, the existence of ionic fluxes across these membranes has been mostly deduced from physiological measurements or from knowledge of chloroplast metabolism (Pottosin and Shabala 2016) . However, many of the proteins involved in transport activities have remained largely uncharacterized. More recently, genomic and proteomic approaches targeted to the chloroplast have allowed researchers to move forward in the identification of chloroplastidial transporters. The outcome of these studies is being compiled at the AT_Chloro database (http://at-chloro. prabi.fr/at_chloro/proteinGroup/list?locFilter=%25ALL%25& sort=&max=10&order=asc&offset=20/) (Ferro et al. 2010) , the Plant Proteomics database (PPDB; http://ppdb.tc.cornell. edu) (Sun et al. 2009 ), PlantsT for functional genomics of plant transporters (http://plantst.genomics.purdue.edu/) (Tchieu et al. 2003) and ARAMEMNON for sequence analysis of plant membrane proteins (http://aramemnon.botanik.unikoeln.de/) (Schwacke 2003) . In Arabidopsis, approximately 1,300 proteins have been deposited in the databases, and subplastidial localizations are provided for >800 proteins. However, in many cases, the actual proteins responsible for specific transport activities remain to be characterized.
Among the essential cellular ions, K + is the most abundant cation in plants, where it fulfills key roles involved in osmoregulation, pH and membrane potential regulation, and enzyme activation (Marschner 1995) . The chloroplast stroma contains approximately 150 mM K + (in addition to 50 mM Cl -and the 5 mM Mg 2+ as the other main ions; Neuhaus and Wagner 2000) , where it fulfills essential functions such as functioning as a counter-ion for light-dependent H + movement for the maintenance of electroneutrality and pH, as well as in organelle development (Hanikenne et al. 2014) .
The idea that the activity of ion transporters and channels controls the composition of the proton motive force, not only in the chloroplast but also in mitochondria, was conceived by the chemiosmotic theory (Mitchell 1966) . However, experimental support for this idea is only now being provided (Höhner et al. 2016) , thereby opening up an exciting field of research examining the molecular mechanisms that regulate ion fluxes, ion homeostasis and photosynthetic efficiency.
Light-induced electron transport gives rise to an increase in H + in the thylakoid lumen. The resulting H + electrochemical potential difference is used for ATP synthesis by the thylakoid ATP synthase, which is an F-type H + -ATPase. Early reports have indicated that the H + accumulation is electrically compensated by K + or Mg 2+ efflux or by Cl -influx (Enz et al. 1993 ), but only recently have the K + transporters, designated as the two-pore potassium channel, TPK3 (Carraretto et al. 2013) , and the voltage-dependent anion channel, AtVCCN1, been identified (Herdean et al. 2016) . As opposed to the K + efflux of TPK3 from the thylakoid lumen, the presence of an electro-neutral K + influx antiporter mediated by KEA3 has been identified, which is located in the thylakoid membrane and possesses ion antiporter activity to increase the chloroplast photosynthetic efficiency under fluctuating light conditions (Armbruster et al. 2014) .
Apart from these two thylakoid membrane K + transporters, other K + transport systems have been hypothesized to exist in the chloroplast inner envelope and to be involved in K + uptake, either coupled to H + extrusion (Wang et al. 1993 , Heibert et al. 1995 or mediated by non-selective cation channels (Pottosin et al. 2005) . However, none of these systems has been identified to date. However, two members of the K + /H + antiporter KEA family have recently been identified in Arabidopsis and one in rice (Sheng et al. 2014) , and the representatives from both plants have been proposed to be expressed in the chloroplast inner membrane with a K + efflux activity that is important not only for plastid osmoregulation and ionic and pH homeostasis, but also for plastid division and thylakoid membrane formation (Aranda-Sicilia et al. 2016) . Na + is a cation that is chemically similar to K + and, depending on the soil concentrations and the plant species, can be an essential ion [e.g. for some C 4 /Crassulacean acid metabolism (CAM) plants], a beneficial ion at moderate concentrations, particularly for natrophilic species such as sugar beet and for plants grown under K + -deficient conditions, or a very toxic ion at high concentrations (Kronzucker et al. 2013) . Regarding the transporters involved in the movement of Na + in the chloroplast, the first one identified was in the cyanobacterium Synechocystis, the Na + /H + antiporter NhaS3, which is expressed in the thylakoid membrane and seemed to be involved in pH regulation of the lumen during light-dependent H + movement (Tsunekawa et al. 2009 ). However, no other homologs of this protein have been identified in thylakoid membranes of higher plants such as Arabidopsis. Apart from this thylakoid Na + transporter, Na + /H + exchangers similar to bacterial NhaD have been identified in algae, mosses and different plant species (Ottow et al. 2005 , Cosentino et al. 2010 , Furumoto et al. 2011 , Müller et al. 2014 ) and in some have been found to be localized in the envelope membrane , Cosentino et al. 2010 , Furumoto et al. 2011 , Müller et al. 2014 ). An Na + efflux mechanism has been proposed for these NHAD plant antiporters that could lead to the prevention of Na + accumulation in the chloroplast during salt stress or, alternatively, could function to counter-balance the activity of Na + -dependent transporters that function in the chloroplast under normal growth conditions. An example of this group of Na + co-transporters is the Na + -pyruvate cotransporter BASS2 (Furumoto et al. 2011) , the 2-keto acid transporter BASS5 (Gigolashvili et al. 2009 , Sawada et al. 2009 ), the ascorbate transporter PHT4;4 (Miyaji et al. 2015) or the phosphate transporter PHT4;1, which in this case is expressed in the thylakoid membrane (Irigoyen et al. 2011) . The real role of NHAD transporters remains to be determined.
Physcomitrella patens is a bryophyte for which complete genome information is available (Rensing et al. 2008 , Zimmer et al. 2013 , and it is being used as a model in plant sciences (Cove et al. 2009) . It has been shown to be quite salt tolerant, and thus it is a valuable model for studying the mechanisms involved in responses to salt stress. In the previous 15 years, several transporters related to K + and Na + homeostasis have been characterized in this organism (Benito and Rodríguez-Navarro 2003 , Garciadeblas et al. 2007 , Fraile-Escanciano et al. 2009 , Fraile-Escanciano et al. 2010 , Haro et al. 2010 , Benito et al. 2012 , Mottaleb et al. 2013 ). However, whether or not Physcomitrella chloroplasts and the transporters expressed in their membranes are affected by salt stress or whether these organelles contribute to the ionic homeostasis under stressed ionic conditions is still debated.
Here we report the ultrastructural analysis of chloroplasts together with the genomic and transcriptomic study of ion transporters expressed in the chloroplasts of P. patens grown under saline conditions. Our results indicate that salt treatment induces morphological changes in the chloroplasts of protonema cells, although these changes did not appear to affect the correct functioning of the chloroplast. Additionally, a genetic repression of the studied ionic chloroplast transporters was observed under saline conditions. In this study, we specifically studied the role of the two NHAD proteins of this moss to elucidate their putative roles in Na + and K + homeostasis, and in pH and osmotic regulation during growth in saline conditions.
Results

Cell morphology of Physcomitrella growing in saline conditions
It has been previously described that Physcomitrella can withstand exposure to high NaCl concentrations (Benito and Rodríguez-Navarro 2003) . Observations with a light microscope, revealed protonema growing in 200 mM NaCl similar to those growing in control conditions, with a very green and healthy appearance but containing more compact and rough chloroplasts ( Fig. 1B and A, respectively) . Lugol staining suggested that chloroplasts of salt-treated plants were enriched with starch (Fig. 1C, D) . Transmission electron microscopic observations of ultrathin sections of protonema samples grown under control conditions showed a very well organized peripheral chloroplast placement around a large central vacuole, with compact and flattened organelles, containing a few starch granules (Fig. 1E) . In NaCl-treated samples, some plasma membrane shrinkage from the cell wall was observed, with compaction of the cytosol and an increase in vacuolization. The chloroplasts were swollen, with disrupted grana that were loosely and unevenly stacked. Strikingly, a higher proportion of starch was accumulated in the NaCl-treated as compared with the non-treated plants, showing more numerous grains that produced a certain distortion of the chloroplast structure ( Fig. 1F ; magnified images of protonema chloroplasts are shown in Fig. 1G and H). To determine whether these morphological changes produced any physiological changes in the chloroplasts, Chl a and b contents were measured, but showed no significant changes (results not shown). An interesting point to elucidate was whether the morphological changes in chloroplasts observed under saline conditions correlated with changes in the expression of transporters involved in ionic homeostasis of this organelle.
Compilation of putative chloroplast ion transporters and channels from Physcomitrella
Although the genome information for Physcomitrella has been known since 2008 (Rensing et al. 2008) , an inventory of transport systems of this organism is lacking. Therefore, a first attempt was made to identify all the proteins that are involved in transport processes of inorganic ions in chloroplast membranes of Physcomitrella. To achieve this goal, an in silico BLASTP search was carried out for homologous genes of Arabidopsis chloroplast ion transporters and channels in the recently published updated version of the moss Physcomitrella genome (Zimmer et al. 2013) at http://phytozome.jgi.doe.gov/pz/ portal.html#!info?alias=Org_Ppatens. The Arabidopsis proteins used as templates have been described in recent publications (Fischer, 2011 , Pfeil et al. 2014 , Finazzi et al. 2015 and/or were obtained from the UniProt database (http://www.uniprot.org/ uniprot/?query=&sort=score) by searching for 'Arabidopsis chloroplastic transporters' and/or 'Arabidopsis chloroplast channel'. The genomic analysis revealed that Physcomitrella possesses homologs of all of the putative chloroplast ion transporters described in Arabidopsis (Supplementart Table S1 ). uptake. It also contains genes encoding anion transporters that move phosphate, nitrate and sulfate into the organelle. Other transporters that were considered for this inventory were those that may indirectly mediate ion fluxes into the chloroplast through co-transport with organic acids and/or toxic compounds. Based on the known information for Arabidopsis proteins, a schematic of the putative distribution of the Physcomitrella transporters is represented in Fig. 2 . A more comprehensive study focusing on putative K + and Na + transporters showed that the moss has several chloroplast transporters that belong to known families of K + and /or Na + transporters or channels named KEA, TPK (depicted in yellow in Fig. 2 ) and NHAD (in pink, Fig. 2 ; see also Kunz et al. 2014 ). The genome also contains one gene homolog of AtTPK3 that is localized in the thylakoid membrane in Arabidopsis (Carraretto et al. 2013) . Regarding the NHAD/ NHD transporters, one member of this group has been described to be localized in the chloroplast envelope of Physcomitrella ). Interestingly, the genome analysis carried out in this study identified a second truncated gene, a homolog of NHAD1 that has not been previously characterized (Phytozome accession No. Phpat.004G083400.1). However, as in Arabidopsis, no homolog of the cyanobacterial thylakoid Na + /H + antiporter NhaS3 from Synechocystis (Tsunekawa et al. 2009 ) was identified in the Physcomitrella genome. In this inventory, genes encoding putative Na + co-transporters such as BASS proteins were also included, which have been described as Na + -dependent pyruvate or 2-keto acid transporters for transport into the chloroplast (Furumoto et al. 2011) , and phosphate transporters (Irigoyen et al. 2011 , Miyaji et al. 2015 . Other proteins such as MATE (multidrug and toxic compound extrusion) proteins or ABC (ATP-binding cassette) proteins could not be excluded because they could function as ion (Na + or H + )-coupled anti-or co-transporters. Therefore, some Physcomitrella homologs of Arabidopsis templates were included in Supplementary Table S1 .
To obtain additional evidence that the Physcomitrella transporters identified in this study were candidates for expression in the chloroplast, we checked the probability that they contain a chloroplast transit signal in the ChloroP 1.1 server (http://www. cbs.dtu.dk/services/ChloroP/; Emanuelsson et al. 1999) . Table 1 shows that nine out of 14 proteins (and approximately 28 out of 47 proteins in Supplementary Table S1 ), have ChloroP-predictable transit peptides in their N-terminus. The absence of this predictable transit peptide in the remaining 19 proteins is not definitive evidence for a cellular localization that differs from the chloroplast, as demonstrated in the literature, with several examples of chloroplast proteins lacking this chloroplast transit peptide (Armbruster et al. 2009 ). In fact, in our survey, 13 Arabidopsis proteins that lack any predictable chloroplast transit peptides have been described as chloroplast proteins. In addition to the search for homologs of chloroplast Arabidopsis transporters, the identification of putative K + and Na + chloroplast transporters was extended to other known K + and Na + transporters and channels that belong to families of AKT/KC, CHX and CNGC proteins. However, none of these candidates was included in Table 1 because (i) at present there is information in the literature regarding the Arabidopsis proteins being located in membranes other than chloroplast membranes and/or (ii) they do not have a chloroplast transit peptide. Nonetheless, they were compiled in Supplementary  Table S1 .
Transcriptomic analysis of chloroplast ion transporters in saline conditions
To determine which of the chloroplast candidates identified above was expressed, we performed a transcriptomic analysis using RNA sequencing (RNA-seq) of Physcomitrella protonema samples growing in BCDAT medium. As shown in Table 2 and  Supplementary Table S2 , all except three genes were expressed under normal growth conditions, although at very different levels [see the RPKM (reads per kilobase per million mapped reads) in the control conditions column in Supplementary  Table S2 ]. Among the transporters that would be involved in Na + and K + transport, the expression levels ranged from 1.77 to 34.35 RPKMs for TPK3 and NHAD1, respectively ( Table 2) . It is noteworthy that the new NHAD identified in the genome, hereafter referred to as NHAD2, was not expressed at all, suggesting that it could be a pseudogene.
To obtain evidence for chloroplast functionality of the moss exposed to saline conditions, we also conducted a transcriptomic analysis using total RNA of Physcomitrella grown in the presence of 100 mM NaCl or 50 mM Na 2 SO 4 for 2 d. We carried out a differential expression analysis between protonema samples grown in control conditions and those incubated with NaCl, focusing on significant variations in expression of the chloroplast ionic transporters compiled above (see Table 2 , where log2 ratio values are represented). Additionally, a study was conducted to examine the differences in gene expression of a high-salt-sensitive double knock-out Physcomitrella mutant, ena1Dsos1D, that is deficient in the two main Na + efflux systems, ENA1 Na + ATPase and the SOS1 Na + /H + antiporter (Fraile-Escanciano et al. 2010 ). This mutant is unable to extrude Na + out of cells, resulting in a higher cytosolic Na + concentration and unbalancing the physiological intracellular Na + and K + contents. Table 3 shows the K + and Na + contents of the plant lines used. Exposure of Physcomitrella to saline conditions resulted in repression of the genes of most of the chloroplast transporters and channels included in this study ( Table 2 ). This effect was more evident in moss samples incubated in saline conditions with Na 2 SO 4 as opposed to NaCl, and for most of the genes studied, the observed repression was even higher in the double mutant ena1Dsos1D. Extension of the analysis to all the chloroplast proteins compiled in Supplementary Table S2 showed that the expression of most of them was also decreased in saline conditions, with the exception of induction of the genes of two putative MSL mechanosensitive channels and the two MATE efflux transporters.
Among the transporters involved in Na + movement in chloroplasts, NHADs are likely candidates. In this work and after having identified the second gene NHAD2, we planned to study in more detail their contributions to the plant response to saline conditions. First, to confirm whether the two genes were Supplementary Fig. S1 ). Wt corresponds to the wild-ype line; Mut corresponds to the salt-sensitive ena1Dsos1D double mutant line, which is defective in the two main Na + efflux systems, ENA1 Na + ATPase and SOS1 Na + /H + antiporter.
expressed, we checked them in the transcriptome Atlas of Physcomitrella, which was recently created by Ortiz-Ramírez et al. (2016) . Through the easily manageable eFP Browser (http://bar.utoronto.ca/efp_physcomitrella/cgi-bin/efpWeb.cgi), we saw that both genes, NHAD1 and NHAD2, were expressed at different stages of the life cycle of Physcomitrella: NHAD1 was mostly expressed during the chloronema and sporophyte stages, and NHAD2 was found exclusively in spores and during the sporophyte stage ( Supplementary Fig. S1 ).
Functional characterization of NHAD transporters and their role in salinity
Cloning, subcellular localization and functional characterization of NHAD2. Sequence comparison of the two Physcomitrella NHAD translated proteins showed that the NHAD2 gene sequence annotated in Phytozome was a shorter version. To identify the correct initiation site of the protein, 5 0 rapid amplification of cDNA ends (RACE) extension was performed, which allowed for the identification of a 5 0 extension of the NHAD2 cDNA that was 297 bp longer than the annotated sequence, which, based on the Chloro-P server, included a predicted 57 amino acid long chloroplast transit peptide that was very similar to that of PpNHAD1 (Fig. 3A) . The putative chloroplast localization of the protein was confirmed by the transient expression of NHAD2-green fluorescent protein (GFP) fusion protein in Physcomitrella protoplasts (Fig. 3B) .
To test NHAD2 functionally in heterologous systems, the B3.1 and AXT3K yeast mutant strains were used, which are defective in Na + efflux systems (Bañuelos et al. 2002 , Quintero et al. 2002 , but no functional expression was observed (results not shown). In parallel, the full-length cDNA and two shorter versions of NHAD2-1 (corresponding to the originally annotated NHAD2 version) and NHAD2-2 (similar to the Populus NhaD1 published version; Ottow et al. 2005) were also expressed in the bacterial TO114 Na + -and Li + -defective mutant (Li + can often be used as an Na + analog) and in the TKW4205 K + -defective mutant. The rationale for the use of these mutants was to determine whether NHAD2 transported Na + , K + or both, and in which direction (in or out). The tests were also carried out at two different pH values to obtain information about the H + dependence of the transporter activity. NHAD2 alleviated the Li + intolerance of the TO114 mutant in LK medium, although only slightly when compared with the clear growth recovery produced by NHAD1-1 expression (Fig. 3C) . However, NHAD2-2 and, to a lesser extent, NHAD2 were able to complement the growth of the TKW4205 mutant at a low K + concentration and pH 5.5.
Interestingly, growth of the transformants was opposite at a higher pH (7.5), suggesting a pH dependence of the K + transporter activity of NHAD2-2 (Fig. 3C) . A similar growth recovery was observed in TKW4205 transformants expressing NHAD1-1 and NHAD1-2, as previously reported .
Generation of single and double nhad mutants and phenotypic analysis. Based on our transcriptomic analysis, we observed that NHAD1 was strongly repressed in saline conditions and that the NHAD2 expression level was undetectable in any of the Physcomitrella growth conditions tested. These results questioned whether any of these transporters had any important roles in salinity stress. To study this phenomenon further, we obtained the single and double mutants Dnhad1, Dnhad2 and Dnhad1Dnhad2. Phenotypic analysis of the three lines of the respective mutants did not reveal any differences in growth compared with wild-type plants, growing either in normal conditions or in the presence of 100 mM NaCl, pH 5.8 for 5 d, even when the single and double Dnhad1 mutants accumulated more Na + than the wild type under saline conditions (Fig. 4A, B) . Fig. 4A shows the growth of the different nhad mutants in solid medium in the presence of 100 mM NaCl compared with the wild type after 15 d. We also performed Chl fluorescence analyses but did not observe any discernible differences between the mutants and wild type (results not shown). Electron microscopic observations of mutant samples did not reveal any differences between ppnhad mutants and the wild type.
To investigate where Na + accumulated in the nhad mutants (Fig. 4B) , we have used CoroNa Green fluorescent dye, an Na + -specific fluorophore that binds to Na + . After the incubation of the protoplasts with the Na + dye in the presence of 20 mM NaCl, we could observe a clear green fluorescent signal within vesicles of different sizes. In some protoplasts, the green dye could also be observed inside the chloroplast, indicating that Na + could also reach this organelle (Fig. 4C) . The presence of Na + inside the chloroplasts was not an artifact due to disrupted chloroplasts, as the Chl content, detected as a bright red fluorescence signal, was normal (Fig. 4C) . No differences were detected among the nhad1, nhad2 or nhad1nhad2 mutants in terms of CoroNa Green staining of the protoplast (results not shown).
Discussion
We focused our studies on the chloroplast physiology of P. patens, a salt-tolerant plant. This moss is endowed with very efficient Na + extrusion systems, such as ENA ATPases and the SOS1 Na + -H + antiporter, which are key determinants of the salt tolerance of this moss (Benito and Rodríguez-Navarro 2003 , Fraile-Escanciano et al. 2009 , Fraile-Escanciano et al. 2010 . Apart from the function of these transport systems, the photosynthetic apparatus of the moss also seems to be very insensitive to salt, as shown in a proteomic analysis carried out in saline conditions, in which an increase in photosynthetic activity was found (Wang et al. 2008) . In our study, we only by expressing PpNHAD1-1 and slightly by PpNHAD2 cDNAs and TKW4205 at pH 5.5 under limiting K + concentrations by expressing PpNHAD1-1, 1-2, 2 and 2-2 cDNAs. At pH 7.5, the complementation in the TKW4205 mutants is opposite to that observed at pH 5.5.
confirmed that the chloroplasts apparently remained physiologically active and that the assayed NaCl concentrations were not toxic to the chloroplast functions. However, significant morphological and transcriptomic changes occurred at the cellular level when plants were exposed to saline conditions. In these conditions, the transcriptomic analysis showed that most of the ionic transporters located in chloroplasts were repressed ( Table 2; Supplementary Table S2) . Regarding the cellular morphology, apart from the increase in cellular vacuolization and plasma membrane retraction, which were probably due to osmotic cellular changes, the most relevant structural change observed was the increase in starch granules inside the chloroplasts (Fig. 1) . Similar results were observed in chloroplasts of Thellungiella growing in saline media, in which starch accumulation has been proposed as a chemical and structural strategy for salt tolerance (Wang et al. 2013) . It remains to be demonstrated whether starch can somehow combine with Na + , withdrawing it from the soluble medium and thereby preventing any toxic effects. This idea has been previously proposed for the salt-tolerant common reed (Phragmites australis), which produces starch granules at the shoot base that co-localize with the Na + accumulated in the lower part of the plant (Kanai et al. 2007) .
In this work, an inventory of ionic protein transport systems that can operate in the inner envelope and the thylakoid membranes was also presented, as deduced from homology comparisons with the chloroplast transportome of Arabidopsis. This analysis will help to unravel the chloroplast components that play an important role in the ionic balance inside this organelle. Focusing on the Na + and K + transporters, we identified putative Physcomitrella homologs of the transporters identified to date in other plants ( Table 1) . Among this group, the NHAD transporters are putative candidate proteins that could be involved in Na + fluxes across the chloroplast envelope, and thus they were studied here in more detail.
Physcomitrella has two NHAD transporters that are both localized to the chloroplast envelope ( Fig. 4B ; Barrero-Gil et al. 2007) , and similarly complement two bacterial mutants with defective Na + efflux systems or K + uptake systems (Fig.  4C) . These findings suggest that these transporters mediate Na + and K + fluxes in both directions, in or out, probably depending on the pH of the medium. However, the NHAD transporters differed in their transcript expression profiles during the plant life cycle. While the NHAD1 transcript was detected in all life stages, NHAD2 seemed to be only present in the spore formation and sporophyte phases (Supplementary Fig. S1 ). These results explained why, in our experimental conditions in which the most abundant moss sample stages were the protonema and gametophore, NHAD2 transcripts were not detected ( Table 2 ). The sporophyte stage is the minor diploid stage of the moss and its physiology has not been extensively studied to date; however, significant changes in its transcript profile have been reported, mainly during the switch from the gametophyte to the sporophyte (O'Donoghue et al. 2013) . The roles of these transporters in this specific growth phase remain to be unraveled.
The phenotypic studies of the single and double nhad mutants of Physcomitrella indicated that, in contrast to the results described in Arabidopsis nhd1 T-DNA insertion mutants (Müller et al. 2014) , there was an absence of any differential phenotypes compared with wild-type plants: no differences were found in biomass or in Chl levels in the single or double mutants growing in either the control or saline conditions. Conversely, and similar to AtNHD1, none of the moss NHAD transporters was induced by saline conditions ( Table 2) . Even taking into account that the transcriptome and the proteome of a cell or an organism under specific growth conditions do not have to correlate directly, these results suggest that NHAD transporters do not play an important role in the response of this plant to salt stress conditions.
Other functions has been proposed for NHAD proteins, such as their role in chloroplast homeostasis for stroma pH regulation and in chloroplast metabolic pathways that balance Na + influx through the Na + -dependent pyruvate uptake activity of BASS proteins (Furumoto et al. 2011) . These proteins are related to bile acid metabolism so that the Na + symporter family transports keto acids such as pyruvate, an essential metabolite for several plastid-localized metabolic pathways in plants. Several BASS orthologs have been identified in the Physcomitrella genome, which are expressed under control growth conditions (see RPKMs in Table 2 ) and contain a putative chloroplast signal peptide in their protein sequence (Table 1) . Therefore, NHAD transporters in the moss could function in maintenance of the ionic balance in chloroplasts. Considering the functional characterization carried out in this work in bacteria, it cannot be distinguished whether the ionic balance of NHAD transporters is carried out by Na + and/or K + (Fig. 3C) . The lack of phenotype of the ppnhad mutants is in contrast to other mutants of chloroplast ionic transporters such as KEA transporters, for which a loss of function has a dramatic impact on photosynthetic performance, chloroplast structure and plant growth in Arabidopsis . It would be very interesting to elucidate whether the function of the homologs to these transporters in Physcomitrella have a more relevant function in ionic homeostasis and pH regulation than NHAD transporters.
Materials and Methods
Plants and growth conditions
The moss Physcomitrella patens (Ashton et al. 1979 ) was maintained axenically in BCDAT medium (Nishiyama et al. 2000) supplemented with 5 g l -1 agar when required. Physiological tests were performed in modified KFM medium, which is a K + -and Na + -free medium (Garciadeblás et al. 2007 ) that was supplemented with K + or Na + for growing plants under controlled cation concentrations.
Plants were grown on agar medium and in either biofermenters or jars with air bubbling in a phytochamber with continuous white light at 20 C and quantum irradiance of 200 mmol m -2 s -1 . All media were inoculated with aliquots of moss suspensions that were fragmented with a Polytron PT2100 homogenizer. Cultures prepared for growth and flux experiments were approximately 80% protonema and 20% gametophores.
Bacterial and yeast strains, growth conditions and plasmids
Escherichia coli strain DH5a was routinely used for plasmid DNA propagation. The E. coli strains TO114 (W3110 nhaA::kan nhaB::em chaA::cm), which is deficient in three systems of Na + efflux, NhaA, NhaB and ChaA (Ohyama et al. 1994) , and TKW4205 (thi rha lacZ nagA recA Sr::Tn10 kdpABC5 trkA405 Kup1), which is deficient in the three K + uptake systems, Kdp1, TrkA and Kup (Schleyer and Bakker 1993) , were used to test the functional expression of the NHAD cloned cDNAs. The bacterial TO114 strain was routinely grown in a modified LB medium (LK) in which KCl was substituted for NaCl (1% tryptone, 0.5% yeast extract, 87 mM KCl). The TKW4205 strain was grown in LB medium (1% tryptone, 0.5% yeast extract, 87 mM NaCl) supplemented with 50 mM K + (LBK). The pH of the LB and LBK media was approximately 7.3; for experiments at pH 5.5, LB or LK media were supplemented with 10 mM MES and the pH was adjusted with HCl. For bacterial tests, the cDNAs were cloned into plasmid pBAD24 under the control of an arabinose-inducible promoter (Guzman et al. 1995) .
Recombinant DNA techniques
Manipulation of nucleic acids was performed using standard protocols or, when appropriate, according to the manufacturers' instructions. PCR was performed in a Perkin-Elmer thermocycler using the Expand-High-Fidelity PCR System (Roche Diagnostics GmbH). DNA sequencing was performed in an automated ABI PRISM 3730 DNA analyzer (Applied Biosystems). Full-length PpNHAD2 cDNA was amplified from P. patens total RNA by standard reverse transcription-PCR (RT-PCR) methods using the specific forward primer PpNhaD2-ATG, 5
0 -AGCTAGCAGGAG GAAGATGGCGACCACGATG-3 0 ; and reverse primer PpNhaD2-STOP,5 0 -GGGTA CCTCGCAATCCAGAACTTTACATA-3 0 , including the NheI and KpnI restriction sites (underlined), respectively, and the ATG and STOP codon triplets, which were designed based on the JGI genome sequence estExt_fgenesh1_pg.C_150054. The resulting PCR fragments were first cloned into the PCR2.1-Topo vector using the TOPO TA Cloning Kit (Invitrogen). For expression in E. coli, the fragment containing the cDNA was then ligated into the pBAD24 vector previously digested with these enzymes. The PpNHAD2-1 and PpNHAD2-2 mutant cDNAs encode shorter versions of the PpNHAD2 transporter, corresponding to the proteins starting at the Met99 and Met144 residues of the original PpNHAD2 protein, respectively, and both excluding the N-terminal putative chloroplast transit peptide (see Fig. 4A ). These mutant cDNAs were constructed by PCR amplification using either PpNhaD2-1-ATG (5 0 -AGCTAGCAGGAGGAAGATGAGCTCTGT GGA-3 0 ) or PpNhaD2-2-ATG (5 0 -AGCTAGCAGGAGGAAGATGTCAGCGGT GTTT-3 0 ) as the forward primer, and the PpNhaD2-STOP described above as the reverse primer.
Localization of PpNHAD2-GFP in P. patens protoplasts
The PpNHAD2-GFP construct was an in-frame fusion of the 3 0 end of the PpNHAD2 open reading frame (ORF) to the GFP gene of plasmid 35S-AdhI::GFP (Rubio-Somoza et al. 2006) . To generate this construct, the PpNHAD2 full-length cDNA was amplified using the following primers, with each including a BglII restriction site (underlined): BglII-NhaD2-ATG, 5
0 -GAAG ATCTTAGCTCTCGTGGTCA-3 0 ; and BglII-NhaD2-Rev, 5 0 -GAAGATCTGCAGC CCTGGAAGAC-3 0 in which a STOP codon was removed. The PCR fragment was inserted into plasmid 35S-AdhI::GFP at the BamHI site, which is at the 5 0 end of the GFP gene. The resulting version of the PpNHAD2-GFP fusion construct was used to transform Physcomitrella protoplasts following the polyethylene-glycol (PEG)-mediated procedure described previously (Hohe et al. 2004) . The GFP fluorescence signal in Physcomitrella protoplasts was visualized using a Leica TCS SP8 confocal laser scanning microscope.
Generation of PpDnhad1, PpDnhad2 and PpDnhad1/PpDnhad2 knockout lines The PpNHAD1 knockout fragment was constructed in the pTN182 vector by inserting two fragments of the 5 0 -and 3 0 -non-coding regions of the NHAD1 gene flanking the nptII gene. These two fragments, which extended from the -1,420 to the +3 positions and 1,153 bp downstream from the STOP codon, were amplified by PCR. The 5 0 fragment was inserted between the XhoI and EcoRI restriction sites and the 3 0 fragment between the XbaI and NotI restriction sites of the polylinker of the pTN182 vector. In the disruption fragment, the two PpNHAD1 fragments flanked the neomycin resistance gene, which was under the control of the promoter and terminator of the Cauliflower mosaic virus (CaMV) 35S gene. Knockout mutants were generated by transforming P. patens protoplasts with 25 mg of the linear DNA fragment obtained by digesting the knockout vector with the XhoI and NotI restriction enzymes. Stable antibiotic-resistant clones were selected after two rounds of incubation in BCDAT medium supplemented with 50 mg ml -1 neomycin. The PpNHAD2 knockout fragment was constructed in the pTN186 vector by inserting two fragments of the 5 0 -and 3 0 -non-coding regions of the NHAD2 gene flanking the hygromycin resistance gene, which was under the control of the promoter and terminator of the CaMV 35S gene. These two fragments, which extended from the -689 to the +351 position and from +3,530 bp to 611 bp downstream of the STOP codon, were amplified by PCR. The 5 0 fragment was inserted between the KpnI and SalI restriction sites and the 3 0 fragment between the XbaI and NotI restriction sites of the polylinker of the pTN186 vector. Knockout mutants were generated by transforming P. patens protoplasts with 25 mg of the linear DNA fragment obtained by digesting the knockout vector with the KpnI and NotI restriction enzymes. Stable antibiotic-resistant clones were selected after two rounds of incubation in BCDAT medium supplemented with 30 mg ml -1 hygromycin. The first screening of putative disrupted plants in either of the two genes was carried out by three independent PCRs using genomic DNA purified from transformant plants, one spanning the complete targeted regions and two amplifying part of the marker cassette and part of the 5 0 and 3 0 gene regions outside the knockout construct. In clones in which these amplifications produced the expected fragments, the fragments were sequenced to check that the integration occurred as designed. The basic defects of nhad mutants were studied in three independent lines and were identical. The results reported in this study were obtained using lines nhad1-1, nhad2-1 and nhad1-1/nhad2-1-1. Realtime PCR showed that the respective mRNAs were completely absent in these lines.
Physcomitrella RNA-seq analysis Total RNA was isolated from protonema tissues using TRIzol reagent (Invitrogen) following the manufacturer's instructions. Three replicate samples of each control or saline treatment were combined for construction and analysis of the RNA-seq libraries. The quality of the RNA samples was checked using an Agilent 2100 Bioanalyzer. The RNA samples with an RNA integrity number (RIN) > 7.5 and rRNA 28S/18S ratio > 1.5 were selected for further analysis. The P. patens RNA-seq libraries from control and saline treatments were prepared by BGI, as well as the major analysis steps for a typical RNA-seq experiment, which involve quality control, read alignment with the P. patens reference genome, obtaining metrics for gene and transcript expression, and approaches for detecting differential gene expression (more detailed information in Supplementary Tables S3, S4 ). For global and differential gene expression analysis, filtered sequence reads were mapped to the reference P. patens genome V1.6 [Cosmoss database; http://cosmoss.org/; data can also be found in JGI (Phytozome; http://www.phytozome.net/physcomitrella.php)], to calculate normalized gene expression values using the RPKM metrics. The differential expression was calculated for each gene using the log2 ratio calculation; differential expression was reported as the log2 ratio of two expressed values. Equal expression values for each gene would have a log2 ratio of zero, while genes that were up-regulated had a ratio above zero, and those that were down-regulated had a ratio below zero. A log ratio of 1 represented a 2-fold change.
Real-time PCR assays
Real-time PCR assays were performed as described previously (Garciadeblás et al. 2003) . Total RNA from two biological replicates was treated with RNase-free DNase I (40 U in 100 ml; Roche) for 1 h at 37 C. After treatment, RNA was purified using the method provided with the RNeasy plant kit (Qiagen). Real-time quantitative PCR of derived cDNA was carried out using the Universal ProbeLibrary system (Roche Diagnostics) in triplicate. Primers and probes for each gene assay were designed using the Universal ProbeLibrary Assay Design Center (https:// www.roche-applied-science.com/sis/rtpcr/upl/adc.jsp). For NHAD1, the forward primer CGCTTACTACATCGCAGCAT and reverse primer CTGGAAGAGCCGGT AGGC were used; probe number, 11. For NHAD2, the forward primer TTGCTGGT GCTGCAATTATC and reverse primer CGCTGACATAGCGAGGTTCT were used; probe number, 83. For ACTIN5, the forward primer GTACGTGGCGATCGACTTC and the reverse primer GGCAGCTCGTAGCTCTTCTC were used; probe number, 17. Quantitative PCR was performed with the FastStart TaqMan Probe Master (Rox) kit using an Applied Biosystems 7500 real-time PCR system, according to the manufacturer's instructions.
Determination of Na
+ and K + accumulation in P. patens
To determine cation contents, four independent protonema samples were washed, dried, weighed and extracted with 0.1 M HCl. In the extraction solution, Na + or K + concentrations were determined by atomic emission spectrophotometry using a Perkin Elmer AANALYST 200 spectrophotometer.
CoroNa Green staining and microscopic observations
To visualize the cellular Na + distribution, protoplasts obtained from protonema samples were treated with 20 mM NaCl for 10 min, and then incubated in the dark for up to 2 h with 10 mM CoroNa Green AM (Molecular Probes) previously dissolved in dimethylsulfoxide. The dye has absorbance and fluorescence emission maxima of approximately 488 and 510-520 nm, respectively. The Na + distribution was examined using a laser scanning confocal microscope as described below. Intracellular starch granules were stained with Lugol's solution by staining 1 ml of protonema samples with 10 ml of Lugol's solution (I 2 /KI solution, SigmaAldrich), and the samples were observed after a 5 min incubation at room temperature.
Electron microscopy
Wild-type and Dppnhad1 protonema samples were fixed in a mixture of 4% formaldehyde and 5% glutaraldehyde (G5882-50ML, Sigma) in PBS (phosphatebuffered saline: 137 mM NaCl; 0.27 mM KCl; 1 mM phosphate buffer, pH 7.4, Sigma P4417). A fresh formaldehyde solution was prepared from paraformaldehyde powder (Sigma P6148-500 G). Small pieces of the specimens were sliced and fixed under a vacuum until the samples sank in the fixing solution, and then they were left overnight at 4 C in the same solution. The fixed material was washed in PBS and dehydrated in a graded ethanol series: 30, 50, 70, 90 and 100%. The dehydrated material was progressively infiltrated with LR White Resin Medium (Agar Scientific) containing 2% benzoyl peroxide (B5907, Sigma) as the catalyst, in a series of mixtures (3 : 1, 1 : 1 and 1 : 3) of 100% ethanol : LR white for 1 h each, at 4 C. Finally, the specimens were maintained in pure resin overnight at the same temperature. Polymerization in gelatin capsules was performed at 60 C for 24 h. Sections of 70-80 nm were cut with a Reichert Ultracut S ultramicrotome (Leica) and collected on 200 mesh formvar-coated nickel grids. The sections were stained with a solution of 4% uranyl acetate, washed in distilled water, counterstained with 2% lead citrate, washed again and allowed to dry. Observations were performed with a STEM LEO 910 electron microscope equipped with a Gatan Bioscan 792 digital camera.
Supplementary data
Supplementary data are available at PCP online. 
